Objective: To explore the interactions between smoking and CYP2A6 genotypes on type 2 diabetes (T2DM) as well as potential pathways for smoking in causing T2DM. Design: Cross-sectional study. Methods: A total of 1344 smokers with complete data from a community-based T2DM survey in Guangzhou and Zhuhai of China from July 2006 to June 2007 were interviewed with a structured questionnaire about socio-demographic status and daily cigarette consumption. Serum glucose, insulin, and cotinine were measured after an overnight fast. Subjects were genotyped for CYP2A6 and classified, according to genotype, into normal, intermediate, slow, or poor nicotine metabolizers based on prior knowledge of CYP2A6 allele associations with nicotine C-oxidation rate. Abdominal obesity was defined as a waist-to-hip ratio R0.90 for males or R0.85 for females. Type 2 diabetic patients (nZ154) were diagnosed according to WHO 1999 criteria. Chi-square tests, multivariate logistic regression models, and a structural equation model were used in this study. Results: Multivariate analysis indicated that, compared with light smoking, heavy smoking significantly increased the risk of T2DM (odds ratio (OR)Z1.75, 95% CIZ1.01-3.05). There were significant interactions between heavy smoking and slow CYP2A6 (ORZ5.12, 95% CIZ1.08-24.23) and poor CYP2A6 metabolizer genotypes (ORZ8.54, 95% CIZ1.28-57.02) on T2DM. Structural equation modeling indicated that CYP2A6 moderation of smoking quantity risk on T2DM was mediated by the effects on serum cotinine, abdominal obesity, insulin resistance, and insulin secretion. Conclusions: Heavy smoking was significantly associated with T2DM, and this association was moderated by CYP2A6 genotype and mediated by serum cotinine, abdominal obesity, insulin resistance, and insulin secretion.
Introduction
There is growing evidence that cigarette smoking is an independent risk factor for type 2 diabetes (T2DM) and that a dose-response relationship between cigarettes per day and risk of T2DM exists (1, 2) . Numerous studies suggest that smoking, and specifically nicotine, leads to abdominal obesity (2, 3) . Moreover, smoking is associated with increased insulin resistance and decreased insulin secretion from pancreatic b-cells (3, 4) , which in turn are associated with the development of T2DM (5) . The majority of inhaled nicotine from cigarettes is metabolized into cotinine by hepatic cytochrome p450 2A6 (CYP2A6) enzymatic activity (6) and the CYP2A6 gene moderates CYP2A6 metabolic activity (7) . Whether CYP2A6 genotype moderates the relationship between smoking and T2DM remains unclear. Therefore, this study aimed to explore i) whether or not CYP2A6 genotype interacts with smoking to affect risk of T2DM and ii) to examine the potential pathways underlying this relationship between smoking and T2DM.
Subjects and methods

Subjects
Subjects were from a community-based T2DM survey conducted in Guangzhou and Zhuhai, China, from July 2006 to June 2007 (8) . In this survey, a four-stage sampling method was used to select a representative sample of residents in both cities. In the first stage, six administrative regions from Guangzhou and one from Zhuhai were randomly selected. In the second stage, one street district was randomly selected from each of the sampled seven administrative regions. In the third stage, two resident communities were randomly sampled from each selected street district. In the final stage, residents aged 20 years or older who had lived in Guangzhou or Zhuhai for not !5 years were invited to participate in the survey. A total of 7293 adult residents (2465 males and 4828 females) aged 20 years or older were selected. Of the 7293 sampled subjects, 1440 were smokers (1327 males and 113 females). However, 96 did not provide blood samples, resulting in a final study sample size of 1344 smokers (Fig. 1) . This study was approved by the Ethics Committees of Sun Yat-sen University (Guangzhou, China) and written informed consent was obtained from all subjects.
Data collection
A face-to-face interview was conducted by trained medical students or clinical doctors using a structured questionnaire for acquiring socio-demographic characteristics of age, gender, education (illiteracy, elementary school, junior middle school, senior middle school or vocational secondary school, college, or above), smoking behavior, and other relevant information.
Measurement and definition of smoking behavior
A 'current regular smoker' was defined as a smoker who smoked more than 100 cigarettes during his lifetime and smoked at least one cigarette daily at the time of interview. A 'former smoker' was someone who had smoked more than 100 cigarettes in his lifetime but reported that he had quit smoking (9) . Subjects included current and former smokers. Current and former smokers reported their average number of cigarettes consumed in the most recent period of smoking. All smokers were categorized into three groups according to their smoking quantity: light smoker (1-10 cigarettes per day), moderate smoker (11-20 cigarettes per day), and heavy smoker (O20 cigarettes per day).
Measurement and definition of alcohol consumption and physical exercise
Alcohol consumption was defined by consumption of alcohol at least three times a week for more than 6 months (10). Physical exercise was defined by any level of physical activity performed for 30 min at least three times a week outside of work (11) .
CYP2A6 genotyping
Blood was collected from 1344 subjects, DNA was extracted, and samples were genotyped for CYP2A6 alleles as described in detail in our previous paper (12) . Normal, intermediate, slow, and poor CYP2A6 metabolizers are defined here based on the predicted pharmacokinetic impact of genotypes resulting from the different variant alleles studied (7, 13) . The CYP2A6*9 allele was considered a 'decrease of function' allele (D) and *4, *5, *7, and *10 were considered 'lossof-function' (L) alleles (12) . 'Normal metabolizers' were defined as having neither a D nor an L allele (i.e. *1/*1). 'Intermediate metabolizers' had only one D allele (e.g. *1/*9). 'Slow metabolizers' had either one L allele or two D alleles (e.g. *1/*4 or *9/*9) and 'poor metabolizers' had either one L and one D allele or two L alleles (e.g. *9/*4, or *4/*4) (7, 13).
Measurement of abdominal obesity
Waist-to-hip ratio (WHR) was calculated by dividing the waist circumference by the hip circumference. Abdominal obesity was defined by WHR R0.90 for male and R0.85 for female (14) .
Measurement of insulin resistance and insulin secretion
Overnight fasting serum glucose (FSG) levels were tested as described before (8) . Fasting serum insulin (FSI) was measured by iodine [
125 I]-insulin RIA. Indices of insulin resistance (R') and insulin secretion (b') were obtained by the modified homeostasis model assessment (HOMA') approach as described by Jenkins et al. 
Measurement of serum cotinine concentration
Serum cotinine concentration was measured by ELISA kit with a sensitivity of 1 ng/ml. Lower serum cotinine, for any given level of smoking (6) , was assumed to reflect higher levels of nicotine in the body and was thus used as an inverse proxy of serum nicotine levels.
Diagnostic criteria for T2DM
T2DM was defined as a self-reported history of T2DM (confirmed by the use of insulin or oral hypoglycemic agents) plus newly diagnosed T2DM using WHO diagnostic criteria for diabetes (fasting glucose R7.0 mmol/l or 2 h postprandial glucose R11.1 mmol/l) (8) .
Statistical analysis
A series of chi-square tests were employed to analyze the homogeneity between T2DM (nZ154) and nondiabetics (nZ1286) and the distribution of lifestyles among light (nZ670), moderate (nZ629), and heavy smokers (nZ141). If conditions for chi-square test were not satisfied, Fisher's exact test was used. A multivariate logistic regression was conducted with T2DM (0Zno, 1Zyes) as the independent variable and smoking quantity (1Zlight, 2Zmoderate, 3Z heavy smoker) and CYP2A6 genotypes (1Znormal, 2Zintermediate, 3Zslow, 4Zpoor metabolizers) as independent variables, controlling for age, education, gender, and family diabetic history. Smoking quantity and CYP2A6 genotypes were entered into the model and a product term was added between smoking quantity and CYP2A6 genotypes for testing CYP2A6 by smoking quantity interactions.
A structural equation model was used to examine the relationship between smoking quantity, CYP2A6 genotypes, abdominal obesity (0, normal and 1, abdominal obesity), insulin resistance (0%median and 1Omedian), insulin secretion (0%median and 1Omedian), and T2DM. Standardized path coefficients and the significance of the direct and indirect effects are presented. The path graph (Fig. 2) shows the arrows that represent significant (P%0.05) results. In conducting path-modeling analysis, satisfactory model fit was indicated by root mean square error of approximation (RMSEA) %0. 10 (16) and by goodness of fit index (GFI), incremental fit index (IFI), and comparative fit index (CFI) R0.90 (17) .
The statistical power to detect the distribution of T2DM between different smoking quantity groups was calculated using the equation
where n 1 and n 2 were the sizes of the two samples, p 1 and p 2 were the probabilities of association in the two populations respectively. Z a was the critical value of statistical significance. The statistical power was subsequently derived from Z b .
The frequencies of CYP2A6*4, *5, *7, *9, and *10 alleles were in Hardy-Weinberg equilibrium (PO0.05).
All P values were two sided, and statistical significance was PZ0.05. Except for the structural equation model fitted with LISREL870 (SSI, Inc., Lincolnwood, IL, USA), all analyses were conducted with SPSS 13.0 (SPSS, Inc., Chicago, IL USA).
Results
Characteristics of smokers
The mean age of the smokers (nZ1334) was 54.6 (S.D.Z11.9) years old with the range from 20 to 85. The majority of smokers (92.4%) were males. There were statistically significant distributions of age, family history of diabetes, and abdominal obesity between smokers with and without T2DM. Other demographic characteristics are shown in Table 1 .
Interaction of smoking quantity and CYP2A6 genotypes on T2DM
Heavy smokers had a higher risk of T2DM than the light smokers (adjusted odds ratio (OR): 1.75; 95% CIZ1.01-3.05), but the main effects of moderate smoking and CYP2A6 genotypes on T2DM were not significant. The interactions between smoking quantity and CYP2A6 genotype were statistically significant such that heavy smokers with either slow or poor metabolizer genotypes were more likely to have T2DM than normal metabolizers (ORs: 5.12 (95% CIZ1.08-24.23); 8.54 (95% CIZ1.28-57.02) respectively; Table 2 ). Possible pathways for smoking quantity leading to T2DM
A one-pathway model fit the data well (GFIZ1.00, CFIZ 0.98, IFIZ0.98, and RMSEAZ0.048). The coefficients in the path diagrams indicate that greater smoking quantity might increase the risk of T2DM indirectly (Fig. 2) . Daily cigarette smoking was associated with cotinine levels, abdominal obesity, insulin resistance, and insulin secretion. Abdominal obesity altered insulin resistance, which in turn affected insulin secretion. Abdominal obesity, insulin resistance, and insulin secretion had direct effects on T2DM.
Discussion
The interaction between smoking and CYP2A6 genotypes on T2DM
Associations between smoking and CYP2A6 genotypes have been observed for the development of lung cancer (18) , pancreatic cancer (19) , and head and neck cancer (20) . Here, we identify an interaction between smoking quantity and CYP2A6 genotypes on T2DM, after controlling for age, gender, education, and family history of diabetes. Compared with the light smokers with normal CYP2A6 metabolizer genotypes and other groups of smokers, heavy smokers with slow and poor metabolizer genotypes had a significant increased risk of T2DM. There are at least two potentially plausible biological mechanisms underlying this observed interaction. The first potential mechanism is that heavy smokers with slow and poor metabolizer genotypes may be at higher risk of T2DM compared with the light smokers with normal metabolizer genotypes due to the pancreas exposed to greater circulating levels of nicotine. Many experimental and clinical studies have reported associations between nicotine and decreased insulin sensitivity and insulin secretion, which may contribute to apoptosis of islet b-cells; these results suggested that nicotine was responsible for the association between smoking quantity and development of diabetes (21) . About 80% of inhaled nicotine is metabolically inactivated by the CYP2A6 enzyme into cotinine; cotinine is further metabolized into trans-3-hydroxycotinine by the same enzyme and all three compounds are excreted in urine (22) . CYP2A6 genetic polymorphisms moderate the rates and extent of CYP2A6-mediated inactivation of nicotine (22) . Therefore, smokers possessing CYP2A6 slow or poor metabolizer genotypes, who smoke more than 20 cigarettes per day, are more likely to saturate this inactivation pathway, thereby accumulating higher nicotine plasma levels. Given the apparent consequences of increased plasma nicotine on insulin secretion, insulin resistance, and abdominal obesity, persistently elevated levels of nicotine, might logically increase the risk of developing T2DM. Another potential mechanism underlying the difference in risk for T2DM between heavy and light smokers with differing CYP2A6 genotypes may be via nicotine-induced pancreatic islet cell cytotoxicity. Chemicals in tobacco smoke other than nicotine, such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), can be metabolically activated to carcinogens by CYP2A6 in liver or CYP2E1 expressed in pancreatic islets (23) . In smokers with CYP2A6 slow or poor metabolizing genotype, the hepatic first-pass clearance of tobacco nitrosamines may be reduced resulting in higher systemic levels of these precarcinogens and greater exposure of other organs, such as pancreas (24) . The higher levels of nitrosamines in pancreatic islet cells could lead to metabolic activation by cytochrome P450 enzymes (CYPs), including CYP2E1; this increased exposure to nicotine and/or nitrosamines could lead to pancreatic inflammation and apoptosis of insulin-secreting cells (25) , which in turn may reduce insulin secretion and the increased risk of incident T2DM.
Possible pathways for heavy smoking inducing T2DM
Several hypotheses have been proposed to link smoking quantity and incidence of T2DM (2, 3) . First, smoking may lead to inadequate compensatory insulin secretion response and insulin resistance. Secondly, inhaled cigarette smoke may be directly toxic to pancreas, which in turn could result in decreased insulin secretion. Thirdly, smoking is associated with other behaviors such as physical inactivity, poor fruit and vegetable intake, and alcohol intake, all of which may contribute to visceral fat accumulation and T2DM.
Abdominal obesity, insulin resistance, insulin secretion, and T2DM are regarded as conditions that may have a common etiological background and strong, inter-related putative pathophysiology (5). However, not all obese and insulin-resistant individuals develop hyperglycemia, because pancreatic b-cells may increase insulin release sufficiently to overcome the reduced efficiency of insulin action under normal conditions (5) . It is only when b-cell function is unable to compensate adequately for decreased insulin sensitivity that obesity and insulin resistance would ultimately progress to T2DM (26) . The results of this study raise a novel, potential theoretical mechanism for the development of T2DM in smokers. In the pathway modeling incorporating cigarette smoking, serum cotinine, abdominal obesity, insulin resistance, insulin secretion, and T2DM, daily cigarette consumption was significantly positively associated with abdominal obesity and insulin resistance, and abdominal obesity and insulin resistance were further significantly positively associated with T2DM. Interestingly, insulin resistance was positively correlated with insulin secretion, while insulin secretion was negatively related to T2DM. These data provide additional evidence that cigarette smoking may contribute to the accumulation of visceral fat and risk of insulin resistance. These results are consistent with at least two previous studies that also observed that cigarette smokers had greater WHR compared with nonsmokers (27, 28) and that there was a dose-response relationship between WHR and amount of cigarettes smoked (27, 28) . Several crosssectional surveys have demonstrated that nondiabetic chronic smokers had higher insulin resistance and hyperinsulinemia compared with nonsmokers (3) and at least one study reported lower b-cell function among normoglycemic smokers (29) while another study observed high b-cell values in current smokers and low b-cell values in former smokers compared with nonsmokers (30) . Taken together, these results support the first-pathway hypothesis that smoking may lead to inadequate compensatory insulin secretion response and insulin resistance, for a causative relationship between smoking and T2DM.
There is some evidence that cigarette smoking could acutely impair insulin action in normal subjects and T2DM patients (31, 32) and clinical studies have shown that direct negative effects of smoking on b-cells (21) . Similarly, this study revealed that daily cigarette consumption was positively associated with insulin secretion and the latter was negatively related to T2DM. These findings suggest that the decrease in insulin secretion induced by smoking might play a contributing role in the association between smoking and T2DM, consistent with our second hypothesis that inhaled cigarette smoke may be directly toxic to the pancreas, which in turn could result in decreased insulin secretion.
Finally, this study also found that heavy smokers had a higher clustering of unhealthy behaviors, including drinking alcohol, eating less fruit, and taking less physical exercise as well as having a higher proportion of abdominal obesity compared with lighter smokers (see Supplementary Table 1 , see section on supplementary data given at the end of this article), consistent with our third hypothesis that smoking is associated with other behaviors that may contribute to visceral fat accumulation and T2DM.
Limitations
As with any cross-sectional study, causal relationships cannot be established but must be inferred and interpreted in the context of biological plausibility, an evidence of a dose-effect relationship and other supporting data. Secondly, this study included several sub-divisions of subjects and subsequent analyses. Therefore, some of our results may be false positive, having arisen by chance. Therefore, associations of borderline statistical significance should be interpreted with caution and a prospective study is needed to confirm these results. However, the lowest and highest statistical power of testing the association of smoking quantity (three groups) and T2DM was 91.3 and O99.0% in this study. Thirdly, diabetes medications, such as use of insulin or oral hypoglycemic agents, were not assessed, which might have affected the measurement of insulin resistance and insulin secretion. Fourth, not all CYP2A6 genetic variants were assayed in this study. Therefore, some misclassification of people with untested variant CYP2A6 genotypes may be grouped as normal metabolizers. Fifth, participants' dietary and drug histories were not investigated, which might affect the activity of CYP2A6 (6) and could further confound the relationship of CYP2A6 genotypes with T2DM. Sixth, we did not include additional smoking phenotypes such as puff volume or smoking duration that might contribute to the association between cigarette smoking and insulin secretion and T2DM (30) . Finally, endothelial dysfunction could provide an alternative explanation of the relationship between nicotine exposure and T2DM. However, endothelial function was not assessed in this study.
Conclusions
In summary, quantity of cigarettes smoked interacts with CYP2A6 genotype to increase risk of T2DM, and we observed that the relationship between cigarette smoking and T2DM was mediated by serum cotinine, abdominal obesity, insulin resistance, and insulin secretion. These findings extend our understanding of the possible effects of cigarette smoking on T2DM and may have important public health implications for tobacco control and diabetes prevention.
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